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1. .nlQrodctlon

When solar radiation Is transmitted through the atmosphere It may be
reflected, transmitted, or absorbed. The total effect of the atmosphere upon a
beam of sunlight passing through it is to reduce its intensity by amounts
varyIng with latitude, season, and degree of cloudiness. The atmosphere
weakens solar energy through (1) molecular and small particle scattering, (2)
diffuse reflection by larger particles, and (3) selective absorption as due to
ozone and water vapor. The scattering and reflecting processes send a part of
the solar energy back Into space, but some of it reaches the earth's surface as
diffuse sunlight.

Titan Systems, Inc. is interested to develop a predictive model of
monochromatic flux density reaching the earth's surface. The twilight time,
when direct sunlight is no longer available, is consldered to be of paramount
importance for the model.

A model was developed for the sky radiance and terrestrial Irr-.e.ance and a
computer program was written to carry out the calculation. A technical
discussion of the problem, Is presented in Section 2 and the computer program
is described in Section 3. The results for a specified set of conditions are
given In Section 4. Finally, recommendations for Improvements to the model
are set forth In Section 5. A list of nomenclature and references are given in
Sections 6 and 7, respectively.

2. Technical Discussion

According to McCartney (19751

"-Rayleigh scattering by molecules represents thie irreducible minimum of
scattering along an atmospheric path. At lower altitudes, Mie scattering by
particles always predominates, hut on average decreases more rapidly with
altitude than does Rayleigh scattering. This is to be expected, because
representative scale heights of the haze aerosol are near I km, while scale
heights of the permanent gas envelope are In the range of 6 to 9 km and greater.
Thus the haze atmosphere lias a limited vertical extent, except for several
tenuous layers of particles such as the one near 20 km. In contrast, the
Rayleigh or molecular atmosphere continues upwards to great altitudes, but its
transparencU is sufficient that lines of Sight have lengths limited by
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g..melric, not optical, factors. The Rayleigh atmosphere is a useful
starting point for studying the optical complexities of the real
atmosphere.'

MC.Cartney's analysis of the intensity of scattered flux will be followed
Although the spherical geometry of Figure I is generally applicable, for
sirnplicity here the earth and its atmospheric envelope are assumed to be
plane-parallel, as shown in Figure 2. This assumption does not cause errors
greater than 2% for all solar zenith angles less than 80 deq. according to the
author. Clearly, this is not valid for analysis of the twilinht sky. But it is easy
to unlderstand physically and will provide the framework for the twilight sky
analysis.

Zen. ,t

'V'

Figure 1. geornetrtj of atmosph~eric -.,8ttenrln of sunlight (after McCarth,• 119751)

Considering Figure 2, the value of the sky radiance in direction OP is to be
determined. The point P at altitude Z, lies witrmn the atmosphere, and the
observer is at point 0, w..hose altitude may be taken as zero. (This is not
necessari•ly sea level, it may be an. reference litude) The analysis will be
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done in terms of atmospheric reduced height.* The remicei heiQht of the
atmosphere above P is denoted , and thie total reduced height aboveO by 7,.
All the solar rays incident on the atmosphere are considered parallel, and the
relative bearing (or azimuth) of the line OP from the line OS is denoted by 6.
Th;,> nith ;nn1cc of the sun and the point P are ,, and tp , respectively. Only a
narrow spectral interval of radiant flux is considered, and the wavelength is
taken to be in a spectral region free of absorption.

Soiar rays h&rvnq ,rrla•oance f.

Ooffrvt

Figure 2. Geometru of trn~pheric scatternr• of sunliQht (after rlccsrtneu [ 1975]).

1'n effect, the atmosphere is replaced by a uniform density atmosphere which
has the same pressure and, in fact, total number of molecules along a vertical
path, as the true atmosphere; thus the reduced height atmosphere is finite 15

extent. The molecular optical thickness of a verlical path from a given altdlude
to Uihe top of the atmosphere is the product of the reduced height for that
altitude and the volume total scattering coefficient relevant to the density of
the reduced atmosphere. The reduced height at a given altitude can be shown to
be Z P/p g.

S
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The solar flux, having the irradiance E?,° at the top of the atmosphere, is

attenuated by scattering as it travels the slant path through the reduced height
Z to reach point P. The irradiance of a unit volume at P is

Eý, = Eý,° exp(-,m Z sect I(fl

The scattered intensity in the direction PO from a differential element of path
at P having a unit cross section and a length

ds = sec t, dZ' (21

a.nd characterized by the angular scattering coefficient p3m[esl is given by

dIN = E \ expf-Pm Z' sect,) im[1es sectp dZ' (3)

The attenuation along the path PO is given by

exp [-mZo' - Z') sec, (p] (4)

so that the differential intensity perceived at 0 is

dlIh = Eho exp-Vpm Z' sect C) 1m[es exp[-I', (Z{Z- Z) sec P] sectp dZ" (5)

The intensity at 0 due to all elements along PO is given by

Zo

x = "1o9{e ,f expt-Pm Z' sec ts e><p[-1im3 Z ')Z sect,] sect, dZ' 61
0

where it has been Implicitly assumed that the (total and angular) scattering

coefficients are constant in the atmosphere.

Since the total scattering %oefficient and the zenith angles are independent of
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the altitude, the above integration can be readily carried out itn closed form.

First rewrite Eq. (6) as follows

I,= ENO fm(eGj exp(-pm Z0 ' sectplsec~p f expi -pm (sect, - sectp ) Z dZ (7]

0

The integration yields

13m[esl f exp(-pm Zo' sects) - expI-pm, Zo'secCP)i
IN= END (8)

PM1- sec, /sectp

for the intensity of scattered solar flux at the bottom of a plane-parallel
atmosphere in a specific direction. Because the area (i.e., cross section) of the
path was incorporated in the analysis this is not, strictly speaking, an
intensity (i.e., W/sr) but rather is a radiance (i.e., W/mZsr).

Equation (8) was derived for a plane-parallel atmosphere and is not valid in
two limiting cases: observation along a horizontal line of sight (tp = ir/2) and

sunset (C, = Tr/2). In the former case the sky radiance becomes zero because

the optical path becomes infinite while in the latter case the sky radiance
becomes zero immediately upon sunset because there is no light at the top of
the atmosphere. Naturally, these would not be true for a spherical atmosphere.

We can formally derive an expression for the sky radiance for a spherical earth

by accounting properly for the optical air mass and solar irradiance at the top
of the atmosphere. First consider the optical air mass, m. For a plane-parallel

atmosphere

mftp) = seccp (9]

while for spherical earth (refer to Figure 3) we can use an empmic&l expression
given by Rozenberg 119661, viz.,
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rnT = (cosp 0.025 ei-itC•USp- (0

Since this expression depends only upon tp and is independent of Z we can

formally replace sect in Eq. (8) by mtt).

Zernth A.om• .. "

Top of atmo .eSfeIt

Earlh 5\

Figure 3. Gometry of the Optical Air M-3s (after Mca.ortncy 119751)

Next -onsiaer the solar irradiance of a spherical earth. McCartney (1g751 has

considered the problem of evaluating terrestrial paths at high altitudes and

zenith angles greater than about 750 The solution is provided by the Chapman

function which is defined as follows

Ch[x,V] = x sin•f exp~x - xsiný csct, csc2•d (III
0
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where x = [Z + R]/Hp anri HP = RT/fg - RF21) The parameter x is seen to
depend upon the altitude of the observed point. Using the Chapman function in
the derivation for the sky radiance would commence with the solar irradiance
at P given by

E Ex exp(-pm Z Chfx,•3) (12i)

This expression accounts for solar irrqdiance on the atmosphere of a spherical
earth but does not account for refraction of light by the atmosphere.

With Eq. (12) we can formally replace sec , in the analysis by Ch(x,ýs. Eq. (6)

then becomes

zo

1; = Eho p4Oes]J>exp(-1 3 m Z' Crndx,•) expI-P1m Zo'- Z' rm(Lp]) mtup) d' 013)
0

Tabulated values of the Chapman function show that it is only weakly
dependent upon altitude and may be treated as a constant as far the integration
is concerned. Then the resultant sky radiance is Identical to the previous
integration with sect, and sect, replaced by Chfx,ts1 and mft,], respectively.

Pm(O1] 9 exp(-pm Zo' Chfx,'Js) - exp EI-3m Zo'mIp] ']

1h= E7,0  t

Pm I - Crd'x,•.]sec • j

A more detailad treatment of the sky radiance, including the effects of
refraction, is given by Rozenberg (19661. Rozenberg's results agree with
those obtained above when refraction is neglected in his analysis
Unfortunately, the refraction terms are relatively intractable and could not be
readily adopted for a practical calculation.

With the sky radiance specified we can now develop the monochromatic flux
density or monochromatic irradiance of radiant energy. This i; defined as the
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normal component of IN (tne monochromatic intensiut or r2diance, e, energy
per unit area per unit time per unit solid anole per unit frequency interval)
integrated over the entire hemispherical solid angle as shown in Figure 4 Liou
[19801 gives the following expression for the flux density

2fl TT/2

F, = f Icosll dw ff e = ff cos(O] sinte) a8ed0 (151
4)0 0

where fG,4J are the line-of-slg,,t zenith and azimuth relative to the solar
vertical, respectively, and are equivalent to (•,6) of Hgure 1.

Z

f sin ado

d A Y

d

X

Figure 4. Illuatration of olid angle arni representation in polai coordinrte. (after Liou 11980)).

The problem will be completely specified once we have defined the angular and
total scattering coefficients. McCartney [19751 derives the angular
scattering coefficient (molecular) for the case of Rayleigh scattering in the
atmosphere, for unpolarized light

1pnoJ] - rfz n'-1) I 2 coc 2 e• ( 16)

2 - 1 ( I +I
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where the scattering angle, e. can be derived from the spherical geometry

shown in Figure I and is given by

cos-@ = cos ý ccs~ + sin S sin k cos6 (17)

The total scattering coefficient is found by integrating the angular coefficient
over the spherical solid angle, thus

411

PMr f p~mls)d n f 2 i. (180 3 N 2\

0 3NA 4

The scattering coefficients in Eqs. (17) and (18) exhibit the well-known 2\4

behavior associated with Rayleigh scattering.
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3. Computer Program

A computer program was written in UCSD Pascal to carry out the double
integration in Eq (15) of the monochromatic radiance given in Eq. (14) The
solution FN• = Fhjý.) is a one-parameter family depending only on the solar
zenith The equation for the Chapman function, Eq. (11) is integrated once for
each value of the solar zenith (except that sects is used for t. < ?50)

All the integrations were carried out by Simpson's integration method This
method requires the interval to be divided into an even number of steps The
general formula for the integral is given by

r.-I n-2

The algorithm first chooses the number of steps, n to be equal to 2 and
automatically doubles the number of steps until the result is within a specified
tolerance (. 10-5 in the present calculations). At each step of the successive
appreximations the function is evaluated only at the odd positions. The sum for
the even positions is obtained from the sum of all previous interior positions,
both even and odd. The integration routine is called recursively to carry out the
double integration.

UCSD Pascal does not permit a function or procedure to be passed as a
parameter to another routine. This problem was solved by defining a TYPE to
specify the integrand (e.g, Chapman, azimuth, or zenith integration).
Calculation of a single azimuth point requires the complete integration over
the (line-of-sight) zenith range (0,27r), each point of which is defined in terms
of the sky radiance.

The program is not interactive; operation of the program requires no input from
the user. The range of solar zenith angles is specified in the program and all
physical constants and parameters are declared at the head of the program.
Naturally, the program can be changed and recompiled.

A complete, ennotated program listing is appended to this report.
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4. Results

One set of calculations of monochromatic flux density (or irradience) vs. solar
zenth was carred out. The solar zemth was varied from 00 to nightfall, which
is aeflned in terms of atmospheric opacity as follows

opacity = 10 log (irradiance at noonlirradiance) = 80 decibels

The wavelength and solar irradiance at the top of the atmosphere were taken
as N = 459.3 nm andEo= E 200 W/mr2,.nm. All physical parameters used in the

calculation were evaluated at sea level; the complete list of parameters is
presented below:

Quantity Value
A 459.3 nm

Eh 0 2.00 W/m 2-nm

Zo 0.8.44 km
n 1 000293

N 2.68719 . 1025 m-3

X 612.5

The results showed that under these conditions night falls at a solar zenith of
ýs = 103', or about 52 minutes after sunset. This result Is predicated on the
assumption that the solar zenith is zero at the solar noon.

The complete tabulated results for Chapman function, flux density, and opacity
are appended to this report.
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5. Recommendations

There are several improvements whicn could be made to the model described in
Section 2. Some of these are noted below:

Phenomenon References

refraction of light McCarrtney [1975]
Rozenberg 11966]

shadow of earth on atmosphere Rozenberg [l 9661

airglow Henderson [ 1977]
Fleagle 11963]

selective absorption Liou [1980]

particle (haze) scattenng McCartney 19751

multiple scattering McCartney [19751

diffuse scattering by clouds Llou [19801
McCartney [ 19751

Additionally, the program can be adapted to permit calculation of the solar
zenith for a given latitude, day of the year, and time of day which would permit
a more realistic calculation for a particular locale. Figure 5 shows the
geometry for calculating the solar zenith. Llou [19801 gives this result

cos e) = sin A sin 65. cos A cos65 cosk (ZO)

where = solar zenith
= latitude of the observation point
= hour angle (this is zero at solar noon and increases

150 for every hour before or after solar noon)
6 = solar inclination
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The solar inclination is a function of the day of the year only, and is
independent of the location of the observation point. It varies from 23°27' on
June 21 (summer solstice) to ---23027. on December 22 (winter solstice).
Kreider and Kreith [l981] give the following empirical eQuation for the solar
inclination

sin& = 0.39795 cos(0.985631N- 173)) 121)

where N numoer of the day (January I st 1).

N m"L oca zenith

z,ZZ

S

S

Figure 5, Relatiornshi p of solar zenith to latitude, i nch naton, and hour angle (after Liou (19801)
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6. Nomenilature

Symbol Definition Units

monochromatic irradiance W/m 2.nm
E o Ex, at the top of the atmosphere Ul/m2 .nm

F monochromatic flux denity (irradiance) W/m2

g acceleration of gravity m21sec2

H, density scale height of molec. atmos. km
Iý, monochromatic radiance W/mZnm-sr
m optical air mass
rn refractive mncex
N number of moLecuLes per unit volume m- 3

R gas constant m2/sec 2 .oK

Re mean radius of the earth km
S distance km
T temperature OK
Z altitude km
Z reduced height of atmos. (ref. altitude)
Zo' reduced height of atmos. (sea level)

PMI(es) voLume angular scattering coefficient km1 sr-I
(moLecuLard, unpoLarized Light

Pm volume totaL scattering coefficient km-
ImolecuLar)
atmos. Lapse rate of temperature OK kml

6azimuth relative to solar vertical rad
zenith rad

CP zenith of Line of sight at observer rad
ts zenith of sun at observer rad
es observation angle of scattering rad
A wavelength nm
x parameter of the Chapman function

solid angLe sr
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Monday, 14 January 1985 4:09 PM

* PROGRA-M TITLE: Calculation of Sky Radiant Flux *
* URITT,-7N BY: C>'e H. Walcian, Ph.D.

DATME t.ýR: ITT2: 8 JanuaryIv

* WRITTEN FOR: Titan, Inc.: Gary Lee, Ph.D., Prcgram .

* PROGPRAM •Li'"1ARY: This prorr.km calculates the monochrcoatic *
* flux density (or irradiance) ot radiant
* eneray by inteoratinri the monochrcomat•ic
* intensity or radiance I (power/area-+rec*sr) *
* over the orherical solic angle enccompassno 4
* the sKy hemispnere.

* INPLF & OUTPUT FILES: DESCRIPTICON

* SKY.FILE.TEXT Output file of tabulated results *

Notes on the ;ntecration scheme: A double Simpson's intearation is
performed over the azimuth and zenith angles. The inteoraiton
procedure is called recursively in order to do this. Since UCSD
Pascai doesn't permit a FLNJCTION or PROCEDURE to be passed as a
parameter to another routine we circumvent this problem by usino
a defined TYPE to specify the intearand. When the Simpson's procedure
calls the function for the integrand it chooses the correct 4 uncticn
in a CASE statement. Caiculation ot an azimuth point requires the
comrplete inteoration over the (line of siqht) zenith, hence that
"function' is,' n fact, another SimDson's integration of the intensity.

(xL TITAN:SK'Y.LST.TET)Tr
PROGORW SkyRadiantFlux;

CrtNST ( solar and terrestrial properties
lambda = 459.;1- ( wavelength (blue/green), nm
E zero = 2.00; (extraterrestrial solar irradiance dt

frequency lambda, U/(m'2*nm) )
Z zero = 8.44; ( reduced height of atmosphere/sea level, km )
n' 1.000293; C refractive index of air (STP) )
N mo) = 2.68719E25; ( Loschmeat's number (STP), molecules/m'3
c~i = 612.5; ( parameter of the Chapman function }
night def = 80.0; ( def of night opacity, decibels }

( miscellaneous and system constants )
pi = 3.141593; ( a transcendental number
convert = 1.745329E-2; ( deorees to radians )
tol = 1.0E-5; ( tolerance for numerical integration )
bell = 7; ( ASCII character for bell sound }
FF = 12; ( ASCII character for form feed }
debugging = FALSE: ( turns debugging on/off )
outfilename = 'TITPN:SKY.FILE.TEXT';

( limits of integration )
az Ist = 0.0 ( lower limit azimuth )
az-last = 6.283185; C upper limit azimuth, 2*pi )
zen Ist = 0.0; ( lower limit zenith (l0ine of sioht)
zen-last = 1.570796; ( upper limit zenith (line of sight), pi/2 }

TYPE ( descriptions of integrands for Simpson's integration )
integrand = (chapman, azimuth, zenith);

VAR ( input/output parameters, input is I line in SKY.[ATA.TEXT
zetaS, { zenith of sun at observer, radians;

this could also be calculated from the
latitude, day of year, & time of day

flux: REAL; ( result: monochromatic flux density }

C independent variables )
zeta P, ( zenith of line of sight at observer, rad )
delta: REAL; ( azimuth relative to solar vertical, rad I

( scattering and refraction variables
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chct t, t Eter' I Q an C1 e. -aAI a,-.
e t a, dri~u Iar sicat tiring c Let 4 *rs r)

'detsi total, ( toial scattering coeific ent. I,/rnc~'1oDman f+i, ( Chapman function calc'.i 4or Cý11 & zeta Sbeta_Z: REAL; ( calc',1 product of b~eta total * _-zero

f miscellaneous variables )
opac ity, (relative ir-radiance (noon ref) decibels;

this is the relative capacityý cý matter to
c.~struct the transnission c+ rLUiar:t enercy

noonjflux: PEAýL: C monocnrc~fnatijc raciiance at rcon , 4,/-n' Z*rm
cnoice: ýntegrand;
i:INTEGER;-

Chap quad eXD S: REAL;,
nfiile, ou tfi e: TEXT;
se~aratorline,spaces: STRING;

PROCEDURE Integrate(choice: integrand; lower,upper,tol: REAL:
VA~R sum:PREAL); CýIWRD;

FL!NCTICN EX(PO(x:REAL):RE.AL;
checKs for exponent to be within bounds/max real = 10'308

BEGI~N
IF x < -700 THEN4
EXPO :0.0

ELSE
EXPO :EXP(x);

END (EXKPO) ;

FLN'CTICIIN Scatter inqFn(solar zeni1t1h, obs~ptzenith, azimuth: PEAL):PEAL;
(calculates the ratio of angular to total scattering function as a
'unction of the scatteri:ng anoile

VAR beta ratio,cos of theta-. REAL;

BEG IN
cos-of theta :=COS(solar zenith) * COS(obs~pt zenith)

+ SIN(solaprzenith) * SIN(obp t Czenith) *COS(azimuth);
beta ratio := (I + SOR(co-s of _thetan) * 3 /-(8- pl
IF de-buooina THN4 BEGIN -

WRITEM.U(COS(theta s) ',cos o4 theta);
URITELN('beta ratio = ',beta-ratio);

END-
ScafteringFn :=beta-ratio;

E1D (ScatteringFn);

F~lNCTION ChaoFX(cht,zeta psi- REAL):REAL'
( calculates the kernel 4or the Chapman !unction integration)
VAR kernel :REAL;

BEGIN
IF psi = 0 THEN
kernel 0

ELSE
kernel EXPO(chi * (I - SIN(zeta) / SIN(psM)) / SOR(SIN(psi));

ChapFX := kernel;
END (ChapFX);

FUN'CTION' Intensity(delta, zeta P: REAL) :REAL;
(calculates the intensity function already intearated in closed for a
plane parallel atmosphere with curvature corre-t ions, for air mass and
solar irradiance )

VAR kernel, radiance, air-mass, expP, cos zeta: REAL;

BEG IN
Cos -zeta COS(zeta~P)*
air mass :I / (cos zeta + 0.025 * EXP(-Il # cos zeta));
exp P:= EUP(-beta L a~ir mass);
IF jir mass 2chapmnin fn HTIN
radiance :=E zeroi; ScatterinqFn~zeta S zeta-P, delta)
ELSE * beta_2 * chapiminjfn * eixpS -

radiance :=E zero * ScatterinqFn(zeta S, zeta P, delta)
* (exp S - exo Pý / (I - chapman fn/air mass);

(multiply by SIN 0 C 03 to Qet kerno' 'or flux diensity Tintegration)
kernel := radiance 0 COS(zeta-P) * SIN(zetaP);
Intensity :2 kernel;

END (Intensity);
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FLZCTIC F'yý,holice: inte:ýrana; x: ,-L:F;
C choice' g Ives the correct tunction for Simpson's integraiton

VAR result: REA~L;

BEGIN
CASE choice OF

azimuth: BEGIN
celta =X

zeni th: FEGIN
:eta F, := X
IF de~ouc in Ti~ai BEGIN

LJRITELN(zeta-P ':zetaP;-
END;
result := Intensi ty(del ta, zc'taP)

END;
chapman: result := ChaDFX(chn , zetaS, x);

END (of CASEs';
FX := result;

END (FX);

PROCEcDURE Intecirate(choice: intearand; lcojer,upoer~tol: REAL, VAR sum: REAL';
Cnumerical inteciration by Simpson's methiod of F)X(x, for x tlower~upperl

,'stevi:INTEGER;
x,aelta_x,even sumn,odd~sumn~end_sum~suml:REA4L:

BEGIN
x := lower;
steps := 2;
delta x (upper - lower) /steprs:
ocic surm ;X(choice , lower- C el ta x)
even _sum 0:
end-Sum : X(choice, lower) + ;X(choice, upper);
sum := (end sum + 4 * odd-sum) # delta-x /3
IF debugginý THEN
BEGIN -

CASE choice OF
azimuth: WRITELN(steps:6, x:10:3, spaces, sum:10:3);
zenith: URITELN(spaces, steps:6, x:10:3, sum:10:3);

END (of CASEs);
END;

REPEAT
steps :=steps * 2;
sumi = sum
delta x : upper - lower) / steps;
even sum even sum + odd-sum;
odd sum
FOR-i :=1 T6 steps DIV 2 DO

BEG IN
x := lower * delta x 4(2 1 );
odd-sum := od-ua X~hie )

END; -dsm*F~hie )
sum := (end sum + 4 * odd-sum * 2 * even-sum) *delta x /3;
IF debugging THEN

BEGIN
CASE choice OF

azimuth: URITELN(stepis:6. x:10:3, spaces, sum:lO:3)i
zenith: LJRITELN(spaces, steps:6, x:10:3, sum:1O:3);

END (of CASEs);
END;

UN4TIL A6S(sum - sumi) (= ABS(tol * sum);
END (Integrate);

PROCEDURE Initialize;
(various and sundry business to take care of

BEGIN
( calc total scatterinai coefficient in I/km}
beta total := 9 * pi f*SQR(pi) * SQR(SQR(n)i-I) * l.0E39/

(3-* N mol * SOP(SOR(laibbdam',;
(calc t~e Chapman function for the given solar zenith)
IF zeta-S < 1.3 (74.5 deorees) THEN
chapman-fn := I / COS(i'eta_5)

ELSE
BEG IN a,0 eaS oCaInteorate(chapma, 0_wt ,to hpqad);

chapmfan-fn := chi * SIN(zefaS) * Chap quacl;
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ENDi

beta ~ =bt~total *2zero:
exp EPO(Zobet; 2 *- c~a~man-f n)
IF aebuawjnq THEN _7GIN
wRITELr~k'beta to..AI ='beta_ total);
'WQRI*ELN('chap~an -h ',chaprnanj n)
WARITEL-N('teta Z = 'beta Z);
WRITELN('exp-SIX-)

END,
seoarator? me -

spaces :
FOR i:= I TO 79 DO

separatorline :=CCýOAZT(jevaratorline ,'-')
ENID (Initialize);

PROCEDURE PaqeHeader;
write inpui data to output file and titles for tabulate! output

BEG: -N
WR ITELN (out*fle1 1 e WRIMEN(outfm e); WRITELN(outfile);
WRITEI.N(cutilie, Calcula*tion of Sky Radiant Flux'):
LJRITELN(outfile:, W.RITELN(outfile)-,
WRITE (outfile,'Solar Zenith':15,'Chaoman ':18,'Mono. Flux Density :22):
WR]TELN1VoutflP,' Opacity '-15)-
WRITE (outfile,' (decrees)' 'M1,'Function':l8,' (Watts/m-2'nm) '2)
UJRITELN(cutftle.'(decmbels)':15);,
WR1TE (outifle -------------- :1.5,----------':18 ------------------- :2)
WPITEýN~outfile ------------':151);

( nc writP it out the the screen as well ... )
URITELIN: I4RITELN; WRITELN:
WRITEN( 'Calculation oi S~ky Radiant Flux');
WRITELN; WRITELN;
WRITE U'Solar Zenith':15,'Chapman ':18,'Mono. Flux Density':22):
WRITEL-NC' Opacity '::,
WR I TE ' (decrees) ,'5 'Function':18,' (Wats/m'2*nm) ':-22);
WRITtLN('(decibels)' :15):.
WIRI TE ('--------------':15 ----------':13 --------------------':22);
WRITELN( ------------:15);

END (PageHeader);

BEGIN (S~yRadiantFlux)
REURITE~outfile, outfilename);
PaoeHeader,
zeta S '

nc~tyW IILE opaci1ty (= night-de+ DO BEGIN
Initialize;
Integrate(azimuth, az 1st azilast, tol, flux);
IF zeta S =0 THEN no~n flux := flux;
opacity-: 10 * LOG(nooF flux/flux);
WRITELN(outfi le,zeta-S/c~nvert:15:2,chapmr~n..fn:18:3,flux:22:9,

coac :ty: 15:2);
WRITELN(zeta S/convert:15:2,chaomanjfn:1B:3,flux:22:9,opaci ty:15:2);
zeta S :=zeTa S + I * convert;

END 'RL)
CLOSE(outfile LOCK);

END (SkyRadiantolux).



MCINOCHRICI-IdTI C I RR--II tPNCE K'S. C EI'TH
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--- -------------------------------------------------------------------------------

E (Solar irradjance) = 2.00 l,'mi2*nm at (waveienath)= 459.3 nm

Solar Zenith Chapman Mcno. Flux Dens ity O, acltv
(cegrees. Functicn (Watts,'m 2*nmm) cecIeIS)S.---------- --------- ------------------- ----------

0.00 1.000 0.277675551 0.00
5.00 1.004 0.277429912 0.00

10.00 1.015 0.276693685 0.02
15.00 1 .035 n.2•5460406 0.0320.00 1.064 0.273755427 0.06
25.00 1.103 0.27155257 O.i0

30.00 1.155 0.268950962 0.14
35.00 1.221 0.2o562E529 0.19
40.00 1.305 0.261841014 0.2545.00 1.414 0.257407733 0.`350.00 1.556 0.252188539 0.42

55.00 1.743 0.245944344 0.53
60.00 2.000 0.238264905 0.66
65.00 2.•66 0.228426001 0.85
70.00 2.924 0.215079046 1.11
75.00 3.782 0.197046060 1.49

7*.00 4.033 0.192224544 1.10
77.00 4.321 0.186924108 1.72
78.00 4.653 0.131072870 1.E6

•~ .uC 5.040 0. 6280.00 5.496 C.167366458 2.20

81.00 6.040 0.159299163 2.41
82.00 6.700 0.150256251 2.67
83.00 7.515 0.140098668 2.97
84.00 8.539 0.128688104 3.34
85.00 9.861 0.115911849 3.79

86.00 11.616 0.101732926 4.36
87.00 14.027 0.086277843 5.08
88.00 17.491 0.069965942 5.99
89.00 22.689 0.053632170 7.14
90.00 31.037 0.038481520 8.58

91.00 45.449 0.025662122 10.34
92.00 72.638 0.015735736 12.4793.00 129.575 0.008696670 15.04
94.00 264.030 0.004230336 18.17
95.00 627.384 0.001771989 21.95

96.00 1765.305 0.000628543 26.4597.00 5935.977 0.000186841 31.72
98.00 23955.375 0.000046309 37.78
99.00 116186.717 0.000009553 44.63

100.00 677317.886 0.000001640 52.29

101.00 4743964.314 0.000000234 60.74
102.00 39898639.363 0.000000028 69.98
103.00 402682251.982 0.000000003 80.02


